Natural disturbance regimes are changing substantially in forests around the globe.
| INTRODUCTION
Natural disturbances strongly affect carbon sequestration (Seidl, Schelhaas, Rammer, & Verkerk, 2014) , ecosystem services (Thom & Seidl, 2016) , and economic value of forests (Dale et al., 2001) . They further support resilience through fostering biodiversity and increasing the heterogeneity of ecosystems (Turner, 2010) . Natural disturbances are thus of central importance for major challenges of forest ecosystem management, from the mitigation of climate change to the sustainable provisioning of ecosystem services and the conservation of global biodiversity.
Forest disturbances have increased across the temperate forest biome in recent decades (Cohen et al., 2016; Schelhaas, Nabuurs, & Schuck, 2003) , and there is evidence that both climate change and forest management have contributed to the observed increase in forest disturbances (Raffa et al., 2008; Seidl, Schelhaas, & Lexer, 2011) . As climate change is expected to further facilitate disturbance activity, there is growing concern that future disturbance dynamics will exceed tipping points and cause critical transitions of ecosystems, such as a shift from forests to nonforest areas, or a significant change in the tree species characterizing a system (Millar & Stephenson, 2015; . Wind and bark beetles are the primary agents of natural disturbance in the temperate forest biome of Europe Seidl et al., 2014) . Wind disturbances include the uprooting of trees, as well as stem breakage as a result of strong winds during local downbursts, intense low-pressure systems, or topographically induced foehn winds (Gardiner et al., 2008) . Bark beetle disturbances result from insect-induced tree mortality by beetles of the subfamily Scolytidae, of which the European spruce bark beetle (Ips typographus L.) is the ecologically and economically most important species in Europe (Kautz, Meddens, Hall, & Arneth, 2017; M€ uller, Bußler, Goßner, Rettelbach, & Duelli, 2008) . Together, wind and bark beetles damaged, on average, 30.2 Mill. m³ of timber per year in the temperate forests of Europe between 1971 and 2010 (Seidl et al., 2014) .
Wind and bark beetle disturbances are sensitive to climate variability. The occurrence of wind disturbances is largely driven by intense storm events, with storm duration, maximum gust speed, and preceding precipitation being the major factors determining disturbance severity (Mitchell, 2013) . Climate variability also influences the multivoltine life cycle of bark beetles (Baier, Pennerstorfer, & Schopf, 2007) and affects host colonization and defense (Netherer et al., 2015) . Hence, climate is a driving force behind bark beetle population dynamics (Marini et al., 2017) . Climate-mediated amplifying feedbacks in the insect-host system are particularly important due to an increasing risk of "hotter droughts" in the future (Allen, Breshears, & McDowell, 2015; Millar & Stephenson, 2015) . Furthermore, wind and bark beetles strongly interact with each other through increased reproduction success of bark beetles in wind-felled trees (Stadelmann, Bugmann, Wermelinger, & Bigler, 2014) . Such interactions can further amplify disturbance dynamics under changing climate conditions .
Despite their social and ecological importance and their high climate sensitivity, our knowledge on the spatiotemporal patterns of natural disturbances in the temperate forests of Europe is still limited, compared to, for instance, the forests of North America Meddens, Hicke, & Ferguson, 2012) . Centuries of intensive human use mask natural processes in the temperate forests of Europe, and management responses to disturbances often alter their spatiotemporal patterns (Senf, Pflugmacher, Hostert, & Seidl, 2017) .
Furthermore, the long tradition of European disturbance research has largely focused on detailed studies at the local scale (Kautz, Dworschak, Gruppe, & Schopf, 2011; Mezei et al., 2017; Overbeck & Schmidt, 2012 ). Yet, recent analyses from other continents suggest that natural disturbance regimes in forests can be synchronized over large geographic extents (Aukema et al., 2006; Jarvis & Kulakowski, 2015) . It remains unclear whether synchronization is the case also across temperate forests of Europe, and if so, which factors are able to trigger synchronization at large spatial scales.
In addition to the temporal patterns of disturbance, also their large-scale spatial patterns remain incompletely understood, as the few existing comparative studies in Europe (Marini et al., 2017) use widely differing data sources that do not allow a stringent analysis and attribution of differences in spatial patterns. More generally, a significant gap in data that is systematic and comprehensive in both space and time has hitherto limited our understanding of the biomescale dynamics of forest disturbance . However, recent advances in disturbance detection from remote sensing now allow new insights into forest disturbances at the scale of biomes and continents (Banskota et al., 2014) .
We here systematically investigate spatiotemporal patterns of natural disturbances and their underlying drivers in the temperate forests of Europe. To consistently address the patterns and processes related to natural disturbances, and exclude the influence of human activity, we focused our analysis on strictly protected landscapes spanning a wide range of ecological conditions in the temperate zone of Europe. Specifically, we used novel Landsat-based maps of forest disturbance to test the following two hypotheses: (1) Topography is a major driver of biome-wide variability in spatial disturbance patterns, and (2) Climatic extremes synchronize disturbance activity across the temperate forests of Europe.
| MATERIALS AND METHODS

| Study sites and disturbance data
In order to exclude confounding effects of forest management, our study focusses on five protected forest landscapes in Austria, the Czech Republic, Germany, and Slovakia ( Figure 1a ). All landscapes consist of the strictly protected core zones of National Parks (Figure 1b and Table 1) They are characterized by gentle topography, with the highest peaks not extending above 1,500 m, and often small-scale gradients in elevation, resulting in a generally low complexity of the terrain (Table 1) . On the other end of the spectrum are the Kalkalpen and Berchtesgaden landscapes, both characterized by high peaks extending into the alpine zone (>2,000 m). Both landscapes exhibit large gradients in elevation, and have high terrain complexity ( Table 1) . The Tatra landscape is inbetween the low mountain and alpine landscapes, as it is located at a relatively high elevation, but is characterized by gentler topography, resulting in overall intermediate terrain complexity (Table 1) .
We used novel maps of annual stand-replacing forest disturbances generated from Landsat data ( Figure 1d ). The maps are based on the analysis of all available Landsat images and indicate stand-replacing forest disturbances, which were defined as a residual tree cover of less than 50%. Hence, the maps only depict events that substantially impacted forest structure, with non-stand-replacing disturbances such as defoliation or the breakage of individual stems not considered in this study. The disturbances maps were generated at 30 m spatial grain and had overall accuracies (compared to photo-interpreted reference plots) of more than 85%. Disturbance patches smaller than five pixels were omitted to reduce false positives in disturbance detection. The minimum mapping unit is thus 0.5 ha. The disturbance year was also specific agents was conducted, but contextual knowledge of the sites from local field studies suggests that the vast majority of disturbances resulted from either wind or Ips typographus infestation. As these two disturbance agents are often difficult to separate at the pixel level using Landsat data (Oeser, Pflugmacher, Senf, Heurich, & Hostert, 2017) , we decided to conduct our analyses of spatiotemporal patterns at the level of the disturbance regime, that is jointly addressing wind and bark beetle disturbance. For details on detecting disturbances in European temperate forests from Landsat see .
| Spatial pattern analysis
In order to test our first hypothesis, we utilized landscape pattern analysis. We quantified spatial patch characteristics using two patchscale and two landscape-scale metrics (Table 2) : (1) area-weighted mean patch size (in the following abbreviated to patch size), (2) areaweighted mean perimeter-area-ratio (in the following abbreviated to patch complexity), (3) probability of adjacent patches (in the following abbreviated to patch aggregation), and (4) the percent of the landscape disturbed (O'Neill et al., 1988) . To better characterize differences in spatial disturbance pattern between years of low vs. high disturbance activity, we classified the years into low/high disturbance activity years using the time series median of each landscape as threshold (see Fig. S2 ). Landscape metrics were subsequently calculated for each subset over the complete study period . For the landscape-scale metrics, we used within site resampling to quantify uncertainties (Coops et al., 2010) . To that end, we randomly sampled 100 sub-landscapes representing approximately the dispersal range of Ips typographus (500 m radius; Kautz et al. (2011) ), and repeatedly calculated landscape metrics within each sub-landscape. For comparison of the patch-and landscape-scale T A B L E 1 Summary of the study landscapes. Study sites are sorted along their mean terrain ruggedness index, that is from low to high topographic complexity Finally, to account for potential errors in the disturbance year estimate and in order to increase signal-to-noise ratio, we applied a 3-year moving average filter.
We tested data on drought and storm variability as potential climate drivers of disturbance synchrony. For quantifying drought variability, we used time series of monthly Standardized PrecipitationEvapotranspiration Index (SPEI; Vicente-Serrano, Begueria, and Lopez-Moreno (2010)). The SPEI takes into account both precipitation and evapotranspiration, with the latter being estimated from monthly mean temperature time series following Thornthwaite (1948) . Hence, the SPEI index includes variability in precipitation and temperature, which both were found important for bark beetle dynamics in previous research (Marini et al., 2017) . For calculating monthly SPEI time series for each landscape, we used precipitation and temperature data from the E-OBS European high-resolution gridded data set (Hofstra, Haylock, New, & Jones, 2009 ). For one landscape (Tatra), we observed that no precipitation data was available after 2005. We gap-filled the missing data points using informa- . From these daily time series, we calculated yearly maxima, standardized them using z-scores, and averaged the standardized annual time series across landscapes (see Fig. S6 ). As the resulting time series of the average standardized maximum windspeed was also trend-stationary (KPSS trend = 0.07, truncation lag parameter = 1, p-value >.1), we similarly removed the trend using linear regression (see Fig. S7 ).
Since there might be varying lag effects between remote sensing based estimates of disturbance activity and drought/storm variability (Seidl, Muller et al., 2016) , we used a modeling approach loosely based on distributed lag models (Baltagi, 2008) . In principal, our model is based on a linear relationship between the change in standardized disturbance area (y 0 t ¼ y t À y tÀ1 ; see Fig. S8 ) and drought/ storm activity:
To account for varying lags between drought/storm activity and disturbance, we added a lag component to the linear model:
, with l being the lag distance (i.e., a l = 1 means a relationship between drought/storm index values from the previous year are related to current year disturbance estimates). However, disturbance dynamics might not only be influenced by one specific lag, but by several preceding years (e.g., due to cumulative drought effects or several storm events). We hence include a weighted lag that takes into account also neighboring lags: Information Criteria corrected for small sample sizes (AICc). The values tested were l = {1, 2, 3, 4, 5, 6, 7, 8} and s = {1, 3, 5, 7, 9}. As we identified temporally auto-correlated residuals during initial model fitting, we used a generalized least squares (GLS) estimator with a first-order autoregressive process (AR(1)) as estimation technique (Korner-Nievergelt et al., 2015) .
3 | RESULTS
| Spatial patterns of natural disturbances in across temperate forest landscapes in Europe
The landscapes showed substantial differences in their spatial patterns of disturbance (Figure 2 ). Patch size was significantly different between sites and high/low activity years (Difference in deviance = À2.93; p-value <.01; Figure 2a ). During high activity years, patch size decreased with increasing terrain complexity of the landscape ( Figure 2a ). The by far largest patch sizes were found in the Bohemian forest landscape (area-weighted mean of 3,550 ha).
The Harz and Tatra landscapes showed intermediate mean patch
sizes (area-weighted mean of 58 and 60 ha, respectively), while the area-weighted mean patch size was below 10 ha for both alpine sites (Kalkalpen and Berchtesgaden). During low activity years, patch sizes were generally smaller (area-weighted mean <10 ha).
Patch complexity was significantly different between sites and high/low activity years (F 9,5210 = 593.9; p-value <.01; Figure 2b ), yet differences were smaller than for patch size. In general, patch complexity increased with increasing terrain complexity. Trends were similar between low/high activity years, yet patches were generally less complex in high activity years.
Patch aggregation showed a similar pattern to patch complexity, with significant differences observed between landscapes and high/ low activity years (F 9,532 = 77.05; p-value <.01). For high activity years, there was a very high probability that two randomly chosen patches were adjacent in the Bohemian forest landscape (0.79; Fig Fig. S1 ). A statistical summary of the patch/landscape metrics is given in Table S9 . For details on the patch/landscape metrics, we refer the reader to Table 2. Note that for (a) the y-axis is log 10 -scaled (Figure 3 and Fig. S10 ). Furthermore, there was a marked increase in overall disturbance activity from one wave to the next, and each disturbance wave had a longer duration than the previous one.
Comparing the change in standardized disturbance area and the SPEI time series we found congruent temporal patterns between disturbance activity and drought occurrence (Figure 4a ). In particular, all three waves of high disturbance activity followed dryer than average periods (i.e., 1983-1985, 1989-1995, and 2001-2004) ; and peaked during phases of wetter than average conditions (i.e., 1986-1988, 1996-2000, and 2005-2007) . Changes in disturbance activity were best predicted by SPEI with a lag distance of 3 years and a smoothing width of 3 years (Fig. S11a) . Hence, drier conditions in the 3 preceding years triggered a significant increase in disturbance activity (Figure 4b ; Difference in AIC to intercept-only model = 10.87; Likelihood-ratio = 16.60, p-value <.01; see Table S12 for estimates).
We also found a significant relationship between storm variability and disturbance activity (Figure 4c ; Difference in AIC to interceptonly model = 3.79; log-likelihood-ratio = 9.75, p-value <.01; see Table S12 for estimates). The lag distance and smoothing width most supported by the data were also 3 years ( years of high disturbance activity always followed years of aboveaverage wind speed, indicating years of elevated windthrow risk.
| DISCUSSION
We here used novel Landsat-based maps of natural disturbances in temperate forests of Europe to explore spatiotemporal disturbance patterns at the biome scale. We were particularly interested if and how regional-scale climate drivers synchronize temporal disturbance dynamics, and how disturbances manifest spatially at the landscape scale. Our results show that while drought and storm activity synchronized temporal disturbance dynamics, the spatial patterns of disturbances are diverse and largely follow a gradient in topographic complexity.
We identified topographic complexity as a major factor influencing the within-biome variability in spatial patterns of natural disturbances. A higher topographic complexity can substantially increase the exposure of forest stands to wind (Mitchell, 2013) , and modulates forest landscape structure and composition (Zald et al., 2016) .
Forest landscape structure and composition, in turn, significantly affect the spatial development of bark beetle outbreaks through connectivity (Seidl, Muller et al., 2016) , and increase wind exposure through fragmentation and the creation of edges (Harper et al., 2005) . Landscapes with a higher topographic complexity often show a higher degree of fragmentation, mainly due to small-scale variation in land cover (e.g., rock-outcrops). Furthermore, topographically complex landscapes often have a higher variability in tree species, resulting from a high local variation in environmental conditions (Kitagawa, Mimura, Mori, & Sakai, 2015) . Hence, once a localized eruption of bark beetle is triggered (e.g., due to small-scale wind damage), the spread of those localized populations is inhibited in landscapes of higher topographic complexity, leading to a more dispersed pattern at the landscape scale (e.g., Berchtesgaden). In landscapes with lower topographic complexity-and thus lower degree of fragmentation and more homogenous species composition-localized eruptions can spread unimpeded and merge into larger disturbance patches (e.g., Bohemian forest). In addition, there are many geoclimatic barriers in alpine landscapes, such as mountain tops or (tree-less) ridges, which directly prohibit the dispersal of bark beetles. Those barriers can thus further dampen the coalescence of localized eruptions into larger disturbance patches. Finally, local topographic complexity might also directly affect bark beetle dispersal, for example, via local wind systems or microclimatic gradients (Kautz, Imron, Dworschak, & Schopf, 2016) .
We here provide the first evidence that natural disturbance dynamics are synchronized at subcontinental spatial scale in the temperate forest of Europe, and show that synchronization correlated with drought and storm activity. This finding is in agreement with studies on other bark beetle-dominated systems (Jarvis & Kulakowski, 2015) . Our data suggests that regional-scale climate variability is a key factor synchronizing natural disturbance dynamics, in particular through drought and storm activity (see also Pederson et al. (2014) ). Drought-here defined as the combined effect of low water availability and high temperature-directly influences the temporal dynamics of natural disturbance in Europe through controlling bark beetle population dynamics (Marini et al., 2017) . In particular, hot years improve bark beetle development and survival and lead to a higher probability of the completion of a second or third generational cycle per year. Water stress additionally weakens tree defenses and increases the colonization success of bark beetles.
Thus, regional-scale drought patterns can facilitate bark beetle population development across landscapes, which in turn results in a synchronized eruption of outbreaks across large areas. Furthermore, variability in storm activity directly drives disturbance dynamics by increasing the risk of wind disturbances. Increased wind disturbances trigger localized eruptions of bark beetles (Stadelmann et al., 2014) , which in turn amplify climate-driven fluctuations in bark beetle populations . Hence, it is the combined effect of dry and hot periods with above-average storm activity that likely synchronized natural disturbance dynamics across the temperate forests of Europe.
Besides the synchronizing effect from regional-scale climate variability, there are also other factors that likely contribute to a synchronized development of natural disturbances. In Europe, forest structure could be an important factor synchronizing forest disturbances across large scales. Past forest land use has shaped current forest structure across large parts of Europe Munteanu et al., 2015) , and high natural disturbance activity in the second half of the ninetenth century resulted in an aging and increasingly disturbance-prone cohort in the remaining unmanaged forests (Janda et al., 2017) . However, the synchronizing effect of past disturbances and management (i.e., creating homogeneous stands of susceptible species and age cohorts) likely has a considerably longer periodicity (in the order of multiple decades to centuries) than the one identified here. Hence, past management and disturbances are unlikely to be the driver of the short-term synchronies identified here (approximate periodicity of 8 years).
Our study has important implications in the context of forest management. Based on our findings, the effect disturbances have on ecosystems-that is whether disturbances are homogenizing the landscape via large high severity disturbance patches, or rather create a mosaic of small patches and heterogeneous structures-is strongly modulated by the topographic template of a landscape.
Hence, in more heterogeneous landscapes (as in the alpine landscapes in our study) disturbances further increase heterogeneity in structures. In less topographically complex landscapes (as in the lower elevation landscapes in our study), however, disturbances could homogenize forest structures at the landscape scale. A recent study on the biodiversity effects of disturbance change found generally positive effects of disturbances on biodiversity, but highlighted that exceedingly large disturbance patches could result in negative impacts on biological diversity . Consequently, increasing structural variability in management is particularly important in topographically less complex landscapes, and could be achieved by retaining disturbance legacies on the landscape, as well as by allowing variable recovery trajectories to form heterogeneous postdisturbance stands (Bace et al., 2015; Seidl, Donato, Raffa, & Turner, 2016) .
Climate change is expected to affect forest disturbances in forest around the globe . We here present evidence that changes in climatic extremes could be particularly relevant in this regard. Extreme events such as drought and storm events have long been recognized as triggers of forest disturbances (Dale et al., 2001 ).
We here show that their influence goes significantly beyond initiating disturbances, as they have the ability to synchronize disturbance activity across subcontinental scales. Such large-scale synchronies are not only ecologically relevant but are also noteworthy in the context of forest economics, as large fluctuations in timber supplyresulting from pulses of salvaged wood after disturbance-can cause significant drops in timber prices and contribute to the substantial economic losses from forest disturbances (Gardiner et al., 2008) .
Future increases in extreme droughts and wind events, as expected as the consequence of climate change (Field, 2012) , could thus further impact disturbance regimes and subsequently forest structure by an increased synchronization across large scales. In this regard, the congruence of high drought and storm activity identified here for the last 30 years is particularly noteworthy. Both large-scale drought and storm activity are driven by atmospheric and oceanic circulation patterns, in particular, the North Atlantic Oscillation operating at large spatial scales, such as inter-biome topographic gradients and regional-to continental-scale climate variability. Our analysis thus supports the recently emerging insight (Raffa et al., 2008; Seidl, Muller et al., 2016; Senf, Campbell, Pflugmacher, Wulder, & Hostert, 2017) that understanding the spatiotemporal dynamics of natural disturbances (and their response to a changing climate) does not only require a solid understanding of processes at the tree-to stand-scale, but also necessitates the consideration of landscape-to biome-scale processes. 
